Waterfowl production and quality habitat to support waterfowl use are the primary objectives of the Agassiz NWR. In recent years, management at the Agassiz NWR has emphasized increased production of overwater-nesting waterfowl. It was the only refuge in the midwestern United States with consistent canvasback production during 1954-74 (W. E. Green, U.S. Fish 
Collection and Incubation of Eggs
During 1987, eggs were removed from canvasback nests regardless of stage of incubation and placed in an incubator for hatching. In later years, however, we allowed the female to incubate the eggs for >10 days to achieve greater hatching success and synchronization of hatching (see Doty 1972) . In their place we substituted water-filled plastic eggs, painted to match the color of canvasback eggs, or redhead (Aythya americana) eggs in a less advanced stage of development. To synchronize hatching, we incubated all eggs from each brood in physical proximity.
Radiomarking Ducklings
We used a clutch (set of eggs from the same nest) of >4 eggs that hatched within 12 hours as an experimental brood. When a clutch hatched, we determined body mass and sex for each duckling and we randomly assigned ducklings to be radiomarked. We also chose at random the order of radiomarking. We attempted to radiomark about 75% of ducklings in each brood. We also collected cloacal and tracheal swab samples from ducklings during the 1990 field season as part of disease monitoring by the National Wildlife Health Center (NWHC), Madison, Wisconsin (see Goldberg et al. 1995 We classified causes of mortality in 5 categories: predation, disease, weather-related, inanition (starvation), and unknown/other. Predation was considered a contributing cause of death when predation-like trauma was present at necropsy and field evidence suggested pre-dation, but cause of trauma was not certain. Disease-related mortality included pneumonia, parasitism, and other incidental health problems. We assessed weather conditions (daily temperature and rainfall) at the Agassiz NWR headquarters 48 hours before death for ducklings with no apparent cause of mortality. We considered weather a direct cause of death (exposure) of ducklings whose carcasses indicated good or fair body condition (primarily body fat deposits) when the proximate time of death coincided with rainfall or cold (<11 C) temperature. We diagnosed inanition (Langenberg and Montali 1983) when the carcass was emaciated but otherwise normal. We listed the cause of death as unknown if the carcass revealed no clear pathological information, was too autolyzed for complete diagnostic procedures, or had signs of uncommon causes of death (e.g., drowning). In many cases, multiple factors probably contributed to the proximate cause of death.
Differences between (t-tests) and among (analysis of variance) mean duckling body mass by sex, year, and cause of death were identified with SAS statistical software (SAS Inst. Inc. 1989).
Survival Analysis
We estimated survival rates of ducklings radiomarked at <1 day old and -4 weeks old (Class II ducklings). Some birds were in both groups. Survival rates of the two groups were estimated separately.
In our analyses, we treated all ducklings as if they were statistically independent. In reality, ducklings of the same brood probably do not experience statistically independent fates but are exposed to similar predation, weather, and other risks. Treating ducklings as independent does not result in biased estimators of survival, but variance estimators are biased low (e.g., Pollock et al. 1989 The Weibull survival model was flexible enough to accommodate our data; the mortality rate was high among young birds and declined with age. In general, parametric models provide more precise estimates of survival if the model fits well (Miller 1983, Klein and Moeschberger 1989) , as did our data. For the Weibull distribution, the survival function, which describes the probability of survival as a function of age (t), is S(t) = exp(-atj). The hazard rate, which describes the instantaneous death rate, decreases with age if y < 1. The LIFEREG procedure of SAS estimates a scale parameter a and intercept JL, where a = y-' and a = exp(-,t/a). Under this parameterization, the hazard function decreases with age if a > 1. If a = 1, survival follows an exponential, constant hazard distribution.
When transmitters on day-old ducklings failed prematurely after having performed irregularly, and we had no indication that the duckling had died, we assumed the transmitter had failed. Such observations were treated as right-censored in the analysis; that is, we assumed the duckling survived until the transmitter failed.
When signals from some transmitters ended without indication of irregular performance (symptomless transmitter failures), we suspected that a predator destroyed the duckling and transmitter. Because we did not know this with certainty, we conducted one survival analysis for which such observations were treated as deaths and a second analysis for which they were treated as right-censored at last observation. For the Kaplan-Meier analysis we assumed that deaths occurred 12 hours after the last observation. For the Weibull model we assumed that deaths occurred sometime within the next 24 hours after the last observation (thus treating datum as interval-censored). If the time of release or rediscovery was not recorded in the data, we used 1430 hours, which was a typical time of day for those activities.
We first analyzed the data by considering mortality in total, regardless of the assigned cause. This treatment permitted the most detailed examination of the data. We also performed some cause-specific analyses, for which we distinguished 4 mortality factors: predation, weather, disease, and inanition. We also identified a category of mortality, termed suspected predation, which included the losses from known predation and transmitter failures that were not preceded by abnormal transmissions. For the cause-specific analyses, we estimated mortality rates for each of the 5 factors as if it were the only source of mortality. Mortality from other sources was treated as right-censored at the time of death because it was not always possible to distinguish clearly among multiple causes of death. If the cause-specific factor contributed to mortality, we included that death in the analysis. For example, a duckling judged to have succumbed from predation and disease would be treated as a death in the analysis involving predation, a death in the analysis involving disease, but as a right-censored observation in the analyses involving weather or inanition. Class-II ducklings.-We radiomarked 141 Class-II ducklings at an average estimated age of 37 days. Few of these ducklings died, and because we had no indication of an age-related hazard function, we analyzed data of Class-II ducklings with the Mayfield (1961) method, with standard errors that were determined according to Johnson (1979) . Several transmitters failed without previously malfunctioning, and we again treated the data in 2 ways, first considering such observations as right-censored, and second considering them to be deaths.
RESULTS
During the 4-year study, 52 canvasback broods totaling 217 day-old, radiomarked ducklings were placed in nests and bonded with attendant hens within hours of hatch. Only 3 of 52 broods fledged without the death of 1 or more radiomarked ducklings, and 18 broods sustained total loss (Table 1) .
Causes of Mortality
Day-old ducklings.-We recovered portions of 135 duckling carcasses during 1987-90. In many cases multiple factors contributed to the cause of mortality. Predation and weather-re- lated factors were the major causes of mortality (Table 2) . Among known mortalities, predation was the cause of 59% of female and 60% of male deaths. Mink were the single greatest cause of mortality (39-100%) each year (Table 3) . When suspected predation was included in the analysis, predation accounted for 66% of female and 73% of the male deaths. Weather (exposure) was a contributing cause of mortality for 6 of the 22 assigned causes (27%) in 1988, and 18 of the 74 assigned causes (24%) in 1989. Mortality often coincided with cold weather, especially when accompanied by precipitation, as in 1989 (Fig. 2) . Cold weather with precipitation occurred on 6-8 June and on 12-14 June, 1989, and consequently, among ducklings <10 days old, daily mortality rates were higher than the average rate of 0.08 + 0.12. Exposure accounted for 53% of mortality during those periods (exposure mortality made up 37% of mortality that occurred outside of the 2 periods). Ducklings also died during less extreme conditions of cold temperature and precipitation (e.g., 21-22 Jun), but at lower rates. Disease contributed to 6 (4%) of the 135 deaths for which causes were assigned and inanition was involved in 8 (6%) deaths. Bacterial pneumonia was the most common disease. Body mass at hatch was lower for individuals for which the principal cause of death was inanition (43.2 + 1.7 g; n = 7) than of surviving ducklings (46.3 + 3.4 g; n = 80) (t = -4.16, P = 0.002) and of individuals that died from other causes (45.6 + 3.6 g; n = 125) (t = -3.42, P = 0.007).
Thirty-one ducklings were tested for pesticide exposure during 1988-90 (5 in 1988, 17 in 1989, and 9 in 1990). None exhibited clinical depression of brain acetylcholinesterase activity and we concluded that pesticide exposure probably was not a cause of mortality in canvasback ducklings at the Agassiz NWR.
Causes of mortality could not be determined for 25 (19%) of the 135 recovered carcasses. A complete pathological evaluation was conducted on 68 (50%) of the recovered ducklings. From this sample we identified 2 (3%) ducklings for which the transmitter was a contributing or principal cause of mortality. We also found 7 (10%) ducklings for which our pathological examination revealed minor effects related to the transmitter implant site.
Class-II ducklings.-Predation was the only known cause of death among the Class-II ducklings and all of these losses were among females. Mink were the single greatest cause of mortality (Table 3) , as was the case with younger ducklings.
Survival Analyses
Day-old ducklings. -We first considered overall mortality, regardless of its cause. Parameter estimates from the Weibull model (Table  4) were used to produce survival curves (Fig.  1) . The consistency of scale parameters exceeding 1 (Table 4) , and the frequent significance of those departures, demonstrates the need for the Weibull model over the more parsimonious exponential model. There was a consistent pattern of higher survival rates for males than females in each year whether we censored symptomless transmitter failures or treated them as deaths (Table 5) 
DISCUSSION

Effects of Radiomarking on Duckling Survival
Radiomarking and duckling deployment techniques developed during this study provided estimates of duckling survival from hatch to fledging without the bias typically associated with visually determining brood attrition. Analysis of video-taped interactions between females and ducklings indicated that radio packages posed no apparent problems with the females' acceptance of radiomarked ducklings.
Krementz and Pendleton (1991) used the same technique to radiomark mallard (Anas platyrhynchos) and American black duck (A. rubripes) ducklings on the Chesapeake Bay and were able to more accurately determine the causes of mortality in ducklings with radioimplants than for ducklings marked with external transmitters. They also compared observation rates of radiomarked and control ducklings and concluded that the implanted transmitters had no effect on survival.
The effect of our subcutaneous transmitter implant procedure on the growth and behavior of redhead ducklings was evaluated by com- paring control and transmitter-implanted ducklings in 2 experiments (ducklings treated at 1 day of age in 1 experiment and at 4 weeks of age in the other) (Zenitsky 1993). Surgery and implantation of transmitters had short-term effects on growth, most obvious immediately after surgery, but treatment effects were not always statistically significant. The effect of an apparent initial delay in growth of implanted ducklings on survival is unknown, because ducklings compensated with increased growth rate shortly thereafter. Activities of control ducklings did not differ from those of ducklings treated at 1 day old (Zenitsky 1993). Ducklings treated at 4 weeks of age foraged less than controls for 2 days after surgery, spending more time preening the implant site and antenna. By day 2, ducklings resumed normal foraging rates and implant site/antenna preening continued at a low percent of the time sampled. In a related study, an assessment of the potential thermoregulatory energetic costs of subcutaneous radioimplants to ducklings, under various degrees of thermal stress, indicated that the presence of a radiotransmitter had no significant effect on net heat production (Bakken et al. 1996). The results suggested that ducklings radiomarked with subcutaneous implants were no more vulnerable to exposure than were control birds.
We also conducted pathological examinations on 68 (50% of all ducklings, but 56% of ducklings during 1988-90) ducklings that died during the study. Only 2 of these birds had sufficient pathological findings associated with the transmitter implant or surgical procedure to influence the birds' survival. Both of these birds died within 2 days of the transmitter implant. In addition, 7 duckling carcasses had minor necrosis or in- flammation at the transmitter site. These incidental effects ranged from inflammation caused by bacterial infection to skin and muscle necrosis at the transmitter site, but were not considered to be a direct contributor to the bird's mortality. We suspect that most methods of marking waterfowl with radiotransmitters influence survival rates to some degree (Wheeler 1991, Ward and Flint 1995). Assuming that we conducted pathological examinations on a representative sample of ducklings that died, we believe that our estimated survival rates may be biased low because the radioimplant technique probably contributed to the death of a few birds. Our pathology data suggests that about 3% (95% CI = 0.4-10%) of the estimated mortality may be a result of the transmitter implant. However, radiotelemetry is the only reliable method available that provides information to determine accurately the time of death, location of carcasses, causes of mortality, detailed field evidence of habitat used, and detailed movements of individuals relative to one another (e.g., brood behavior) of highly secretive and cryptic animals such as ducklings.
Timing of Mortality
Risk of mortality for canvasback ducklings at the Agassiz NWR decreased through the period from hatch to fledging (Fig. 1) . Mortality was greatest during the first 10 days; 10-day survival rates varied from a low of 0.26 in females in 1990 to a high of 0.69 in males in 1989. This pattern of mortality is consistent with that reported for canvasback (Leonard 1990) 
Causes of Duckling Mortality
Causes of canvasback duckling mortality were consistent with that reported for other species and included predation (Sargeant and Raveling 1992), adverse weather conditions, inanition, and disease (Table 2) . Adverse weather events marked by cold temperatures, precipitation, and wind, or prolonged periods of mild cold stress may affect ducklings both directly (hypothermia) or indirectly (Johnson et al. 1992 ). Such conditions predispose ducklings to other causes of mortality through increased rate of energy loss, changes in activity, reduced growth rate, or reduced food availability. On the other hand, disturbance from predation may predispose ducklings to cold stress. The brood histories and movements in this study revealed that some encounters with predators scattered broods, resulting in exposure deaths of ducklings no longer tended by hens. Vulnerability to predators, inclement weather, and starvation are probably affected by the quality of wetland habitat in which the broods reside.
Ducklings that died with signs of inanition had a mean body mass of 3.2 g less at hatch than ducklings that survived. Inanition also occurs in domestic poultry neonates (3-7 days) that never begin to eat and therefore starve to death after their yolks are depleted (Langenberg and Montali 1983). Inanition in wild ducklings may be complicated by cold weather and lack of food. Untergasser and Hayward (1972) reported that body weight in 3 species of ducklings increased little, or not at all, during a period of a few cold and rainy days. The availability of invertebrates (e.g., chironomids hatching) may also be depressed during periods of adverse weather to further reduce food intake. This type of mortality may be reduced through improvement in the quality and quantity of brood-rearing habitats. In any event, ducklings suffering from inanition-related problems are probably at higher risk of mortality both from predators and exposure. Johnson et al. (1992) referenced several studies that suggested starvation as a probable major cause of mortality among young waterfowl.
Disease mortality may also be difficult to document in young birds because generally they have an undeveloped immune system, may be highly susceptible to infectious agents (which are difficult to detect), and are subject to greater risk from predation than healthy individuals. Bacterial pneumonia was the most common cause of disease mortality among canvasback ducklings. However, this source of disease mortality was never as prevalent in canvasback ducklings as in mallards on the Chesapeake Bay (Krementz and Pendleton 1991), where during 1 year of the study, 43% of radiomarked ducklings died of pneumonia.
Differential Survival Between Male and Female Ducklings
Estimated survival rates for prefledged ducklings at the Agassiz NWR were lower for females than for males. The cause of this disparity is unknown and we can only speculate on the implications of this finding. Differential survival rates were not related to duckling size at hatch, and duckling growth curves have been shown to be similar for male and females during the first month of life (Dzubin 1959) , the time when most mortality occurs.
Sex-related differences in survival of precocial young have been observed among some species under conditions of decreased food availability. Juvenile male sage grouse (Centrocercus urophasianus) suffered greater mortality than did juvenile females during periods of food shortage and in poorer habitats (Swenson 1986 ). Latham (1947) believed a physiological difference between sexes was responsible for observed differential tolerance to extremes of climate and starvation in ring-necked pheasant (Phasianus colchicus) chicks for which, except for trials involving chicks <3 days old, females survived at higher rates than males.
Studies of duckling survival in the wild have not involved birds of known sex. However, among artificially incubated canvasbacks, Hochbaum (1944) reported a slightly higher embryonic mortality rate for females. Kear (1965) also observed a higher mortality rate for female than male mallard ducklings; most mortality occurred at hatching.
MANAGEMENT IMPLICATIONS
Predation and weather played key roles in the mortality of canvasback ducklings. The loss of ducklings to mink, other predators, and exposure may be influenced by the quality of aquatic habitat and weather conditions during the first few weeks after hatch. Management of large impoundments, such as those at the Agassiz NWR, can mediate these effects by providing optimal water levels for (1) establishment of brood cover, (2) production of invertebrate foods, (3) protection from predatory mammals, and (4) creation of a large volume of water as a thermal mass to buffer temperature extremes. The behavioral and physiological basis of lower survival of female canvasback ducklings found in this study is not understood and needs further examination. Future research should be directed to identify factors that lead to differential survival rates at this early age, and to determine the influence of radiomarking techniques on survival. 
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